Abstract: Fuel calorific value is an important parameter in fire behaviour. The objective of this study is to evaluate the potential of using near-infrared reflectance spectroscopy (NIRS) for determining the calorific value of fuel. Fifty samples of various fuel components from the Mediterranean forest (17.1-24.6 MJ⋅kg -1 ) were used to establish a calibration equation between NIR spectra (1100-2500 nm) and calorific value. The coefficient of determination (r 2 ) of the regression between predicted and measured values was 0.92 and the standard error of cross validation was 0. . These results show that NIRS is less accurate than the standard method but it can be used to quickly determine the calorific value of fuels when a large number of measurements are required.
Introduction
The calorific value or high heat of combustion of fuel is one of the inputs of Rothermel's fire behaviour model (Rothermel 1972; Burgan and Rothermel 1984) . This calorific value, reduced by the latent heat of water vaporisation (1.263 MJ⋅kg -1 ), becomes the low heat of combustion and is used for calculating fireline intensity using Byram's (1959) formula. To improve fire propagation models, many authors now pay particular attention to the characteristics of complex fuels, such as fuel particle moisture content, size, density, surface area to volume ratio, ash content, and caloric value. However, differences in calorific values between fuel particles are generally neglected and their value is generally estimated to be about 20 MJ⋅kg -1 , even if the specific values commonly range from 16 to 25 MJ⋅kg -1 (Hough 1969; Van Wagner 1972) . This is probably because the range of weather effects on fuel properties, such as fuel moisture content, is much greater than the range of fuel characteristics such as fuel calorific value (Bessie and Johnson 1995) . Nevertheless, Hernando Lara et al. (1994) found that the calorific value of two common fuel species in the French Mediterranean area, Arbutus unedo L. and Erica arborea L., increased as summer progressed and was one of the main parameters, with fuel moisture content, that explained variations in the ignition delay in these two fuel species.
Fuel calorific value is obviously important in fire behaviour and the conventional method of its measurement in a bomb calorimeter is accurate but time consuming. The aim of this study was to evaluate another method to determine it. Near-infrared reflectance spectroscopy (NIRS) has become widely used as a fast and nondestructive method for quality analysis of grain (Williams 1975 ) and forage and food (Norris et al. 1976) and recently for determining the chemical composition of forest foliage (McLellan et al. 1991b; Meuret et al. 1993; Martin and Aber 1994) and leaf litter (McLellan et al. 1991a; Joffre et al. 1992 ). However, very few studies have attempted to use NIRS to determine the calorific value and these were only carried out on forage and food (Lanza 1983; Verheggen et al. 1990; Valdes and Leeson 1992) . Our objective was therefore to evaluate the potential of NIRS for determining fuel calorific values, using a wide range of forest fuel components.
Material and methods

Data sets
Fifty samples were collected from typical forests and woodlands in the Spanish Mediterranean area. The samples were taken from plant parts selected as fuel components: living leaves, needles, twigs, bark, and leaf and needle litter. They belonged to 47 species representing the diversity of the Mediterranean vegetation: four conifers, 12 broadleaved trees, 24 shrubs, one fern, and six grasses ( Table 1) . The 50 samples constituted the calibration set.
To validate the calibration, two sets of 15 samples each, collected from A. unedo and E. arborea, were used. Green leaves and twigs from these two shrub species were sampled once a week from June to September 1993 in the French Mediterranean area to measure the changes in their calorific value during the fire season (Hernando Lara et al. 1994) . The narrow ranges of the calorific value in each of these two species provided a test of the precision and sensitivity of the NIRS estimations.
Calorific value measurement
Each fuel sample was divided into two fractions, the first for calorific value measurement and the second for NIRS analysis. The first fraction of each sample was ground in a mill. Pellets of about 1 g size were prepared using a hand press, oven-dried for 24 h at 105°C, and then weighed. The calorific value was determined according to the ISO standard (ISO 1716) which is the same as the French standard (NF-M-03-0005) and the Spanish one (UNE 23-103-78). The measurements were carried out with an adiabatic bomb calorimeter equipped with a platinum resistance sensor (PT 100). The calorific value of benzoic acid (26.44 MJ⋅kg ) was used to calibrate the calorimeter. Two or three measurements of the calorific value of each sample were made; values differing by more than 5% from other values obtained with the same sample were eliminated. The mean values were used for NIRS calibration and validation.
NIRS analysis
The second fraction of each fuel sample was dried in a ventilated oven at 60°C and ground in a cyclone mill through a mesh of 1-mm aperture diameter. It was then scanned with a NIR spectrophotometer (NIRSystems 6500). Each sample was packed into a sample cell having a quartz-glass cover. The reflectance measurement of monochromatic light was made at 2-nm intervals over a range of 400-2500 nm to produce a spectrum of 1050 data points. Reflectance (R) was converted to absorbance (A) using the following equation: A = log(1/R). Data analysis was conducted using the ISI software system (Shenk and Westerhaus 1991b) . The equation for calorific value was established from the 50 fuel samples of the calibration set and was then applied to the samples of the two validation sets.
Statistical methods
Calibration was developed for calorific value from the set of 50 samples. The calibration equations were calculated using the modified partial least squares regression (PLS) method (Martens and Jensen 1982; Shenk and Westerhaus 1991a) . This method uses all the spectral information, unlike stepwise regression type methods which use only a small number of wavelengths (Windham et al. 1989) . In addition, the calibration was obtained after correcting the spectra by a detrending method (Barnes et al. 1989) .
Cross validation was used to estimate the optimal number of terms in the calibration to avoid overfitting. This consists of selecting three quarters of the samples to develop the model and one quarter for the prediction. The algorithm is repeated four times and all the residuals of the four predictions are pooled to provide a standard error of cross validation (SECV) on independent samples. The minimum SECV determines the number of terms to be used. The final model is then recalculated with all the samples to obtain the standard error of calibration (SEC) which is the standard deviation of differences between reference values and NIRS-predicted values. Two series of calibrations were produced, the first on the entire spectrum (400-2500 nm) and the second on the near-infrared range (1100-2500 nm). For each calibration, six mathematical treatments, corresponding to the first and second derivative and a gap of 5, 10, and 15 data points, were compared. After comparison of the results of various treatments, the calibration equation that gave the best results in terms of SECV was selected.
The two series of A. unedo and E. arborea samples were used as validation sets. The calorific values were predicted using the calibration equation and compared with the measured or reference values, allowing calculation of the standard deviation of differences, termed the standard error of prediction (SEP).
The precision of the calorific value predicted by NIRS was compared with that measured in a bomb calorimeter. According to Williams (1987) , the SECV or SEP can be compared with the laboratory standard error (SEL), i.e., the standard deviation of differences between duplicate samples.
Results
Calibration
The smallest SECs and SECVs were obtained using the nearinfrared range (1100-2500 nm) in the calibration of the calorific value. Table 2 gives the statistics of the best calibration. The coefficient of determination (r 2 = 0.92) of the regression between the reference and NIRS-predicted values is highly significant with a slope close to 1 (Fig. 1) . The SECV value is 0.50 MJ⋅kg -1 and the coefficient of variation (CV = 100⋅SECV/mean) is 2.50% of the mean value of the reference data.
Prediction of the calorific values in the validation sets
Using the calibration equation, calorific values were predicted with an SEP of 0.36 MJ⋅kg -1 for a mean value of 20.85 MJ⋅kg -1 (CV = 1.73%) in A. unedo and of 0.21 MJ⋅kg -1 for a mean value of 23.18 MJ⋅kg -1 (CV = 0.91%) in E. arborea (Table 3 ). The r 2 values of the regressions between measured and NIRS predicted values are highly significant in both cases. The bias is higher in A. unedo than in E. arborea and the slope is clearly greater than 1 in the former.
Discussion and conclusion
Representativeness of the fuel samples studied The samples used for the calibration of the calorific value are representative of the main fuel constituents of Mediterranean woodlands. Needle and leaf litter, bark, grass, and shrub samples are the most common fuels from the understorey, and tree samples belong to the main native and planted species of Mediterranean areas. Doat and Valette (1981) North American forest species into four classes: species with a very high energy content (calorific values higher than 21 MJ⋅kg -1 ), high energy (between 19 and 21 MJ⋅kg -1 ), mean energy (between 17 and 19 MJ⋅kg -1 ), and low energy (less than 17 MJ⋅kg -1 ). According to this classification, our calibration set lacks low-energy fuel samples (bark, grasses).
NIRS determination of calorific value
Results show that the NIR spectra are related to the calorific value. The correlogram between calorific value and NIRS absorbance shows that the correlation value is actually high in several absorption bands of the spectrum (Fig. 2) ; this means that the NIR spectrum is strongly correlated with the calorific value. This correlogram reveals the existence of chemical bonds that vary directly and proportionately with the calorific value. NIRS can therefore be used to predict the calorific value.
In the calibration set, the high r 2 of the regression between measured and NIRS-predicted values and the slope close to 1 mean that NIRS data closely agree with the reference data (Fig. 1) . However, calorific values were predicted with an SECV of 0.50 MJ⋅kg -1 , which is rather high compared with the range of the reference data (7.54 MJ⋅kg -1 ) or with their standard deviation (1.44 MJ⋅kg -1 ) ( Table 2 ). The CV (2.50% of the mean value for the reference data) is acceptable, however (Williams 1987) .
From the calibration equation, the calorific values were predicted with SEPs of 0.36 MJ⋅kg -1 for A. unedo and 0.21 MJ⋅kg -1 for E. arborea and the CVs are low (1.73 and 0.91% of the mean values for the reference data, respectively). The r 2 values of the regressions between measured and NIRSpredicted values are highly significant in both species and the slope of the regression is not far from 1 for E. arborea (Table 3) ; NIRS data then agree with reference data for this species. In contrast, the slope of the regression in the A. unedo set, considerably greater than 1, means that the range of NIRS-predicted values is lower than that of the reference values. On the whole, NIRS estimation of calorific values in A. unedo is less accurate than in E. arborea. One explanation could be that the calibration equation is less accurate for mean calorific values as in A. unedo (between 20 and 21 MJ⋅kg -1 ) than for high values as in E. arborea (between 22.5 and 23.5 MJ⋅kg -1 ). In the mean range of values, a large number of samples of the calibration set had similar measured calorific values but various spectral characteristics attested by different NIRS-predicted values (Fig. 1) . There was probably some inaccuracy in the weight given to the near-infrared wavelengths related to mean calorific values during the calibration process. In contrast, even if the samples of high energy content were not numerous in the calibration set, they allowed identification of the relevant wavelengths related to high calorific values and their weight in the calibration equation.
Comparison of conventional measurement and NIRS
estimation of calorific value SEL was calculated from all samples of the calibration set and the two validation sets (n = 80); this value is 0.23 MJ⋅kg -1 . The SECV value for the calibration set (0.50 MJ⋅kg -1 ) is then about twice the SEL value. The precision of NIRS determination of calorific value is then clearly lower than that of the reference method for heterogeneous materials such as the samples of the calibration set. The narrow seasonal variation of the calorific value in the two validation sets (1.2 MJ⋅kg -1 ) allows the testing of the sensivity of NIRS estimation. In the E. arborea set, the SEP value (0.21 MJ⋅kg -1 ) is of the same magnitude as the SEL value and the seasonal increase in its calorific value is fairly predicted by NIRS (Fig. 3) . In contrast, in the A. unedo set, the SEP value (0.36 MJ⋅kg -1 ) is greater than the SEL value and the seasonal increase of the calorific value is underestimated by NIRS. Fig. 2 . Correlation of the calorific value with second-derivative spectra for the calibration set (50 samples). Note: SD, standard deviation of reference values; SEC, standard error of calibration; SECV, standard error of cross validation. Math treatment indicates the mathematical transformation of spectral data: the first number is the order of the derivative function, the second is the segment length in data points over which the derivative was taken, and the third is the segment length over which the function was smoothed. Table 2 . Calibration statistics of calorific value (MJ⋅kg -1 ) using the near-infrared spectrum (1100-2500 nm).
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In the two methods, much of the time required is in fuel collection, moisture removal, and grinding. Up to 20-24 samples a day can be measured in a bomb calorimeter. In contrast, NIRS first needs the establishment of a calibration equation from at least 50 samples; this requires the measurement of their calorific value using a standard method. But once the calibration equation has been definitively established, 100-200 samples may be scanned and their calorific values estimated per day.
The standard method can be very accurate, with much of the variation due to natural variation of biomass materials. NIRS is half as accurate but can be a useful tool for determining calorific values when a large number of different fuel samples are required.
NIRS determination of calorific value could be used in all ecological studies dealing with energy transfer and efficiency of energy utilisation in plant communities. It could also have applications in many other fields. This is attested by recent papers requiring a knowledge of plant energy content, such as estimation of plant ignitability to select species for fire hazard reduction (Hogenbirk and Sarrazin-Delay 1995) , or the evaluation of heat values of forest residues exploited as alternative energy sources (Rodriguez et al. 1995) . 
